Sensory neurons perceive environmental cues and are important of organismal survival. Peripheral sensory neurons interact intimately with glial cells. While the function of axonal ensheathment by glia is well studied, less is known about the functional significance of glial interaction with the somatodendritic compartment of neurons. Herein, we show that three distinct glia cell types differentially wrap around the axonal and somatodendritic surface of the polymodal dendritic arborization (da) neuron of the Drosophila peripheral nervous system for detection of thermal, mechanical, and light stimuli. We find that glial cell-specific loss of the chromatin modifier gene dATRX in the subperineurial glial layer leads to selective elimination of somatodendritic glial ensheathment, thus allowing us to investigate the function of such ensheathment. We find that somatodendritic glial ensheathment regulates the morphology of the dendritic arbor, as well as the activity of the sensory neuron, in response to sensory stimuli. Additionally, glial ensheathment of the neuronal soma influences dendritic regeneration after injury.
Sensory neurons perceive environmental cues and are important of organismal survival. Peripheral sensory neurons interact intimately with glial cells. While the function of axonal ensheathment by glia is well studied, less is known about the functional significance of glial interaction with the somatodendritic compartment of neurons. Herein, we show that three distinct glia cell types differentially wrap around the axonal and somatodendritic surface of the polymodal dendritic arborization (da) neuron of the Drosophila peripheral nervous system for detection of thermal, mechanical, and light stimuli. We find that glial cell-specific loss of the chromatin modifier gene dATRX in the subperineurial glial layer leads to selective elimination of somatodendritic glial ensheathment, thus allowing us to investigate the function of such ensheathment. We find that somatodendritic glial ensheathment regulates the morphology of the dendritic arbor, as well as the activity of the sensory neuron, in response to sensory stimuli. Additionally, glial ensheathment of the neuronal soma influences dendritic regeneration after injury.
glia-neuron interaction | sensory neurons | ATRX N eurons of the peripheral nervous system (PNS) have diverse structural and functional specializations to detect and process sensory modalities, such as temperature, pain, and touch. In addition to the intrinsic properties of sensory neurons, their intimate interaction with glia is essential for normal development and function of sensory neurons (1) . A unique feature of sensory neurons of the PNS in both vertebrates as well as invertebrates, such as Drosophila, is the complete ensheathment of neuronal soma by glial cell membranes (2, 3) . This close apposition between neuronal soma and glia raises the possibility that somatodendritic glial interaction might influence neuronal development, activity, and remodeling during development or under injurious conditions.
Drosophila dendritic arborization (da) neurons of the class IV type are sensory neurons with extensive dendritic arbors that cover the body wall of the animal (4) and are required for thermal (5) , light (6) , and mechanical sensation (7) (8) (9) . Peripheral glial cells are critical for embryonic development of sensory neurons, as their genetic ablation results in neuronal death as well as axonal pathfinding defects (1, 10, 11) . During embryonic development in the fly PNS, glial cell membranes migrate upwards from the axon toward the neuronal cell body of sensory neurons, eventually completely ensheathing the soma as well as the proximal dendrites (3, 12) . Once wrapped, the somatodendritic glial ensheathment of sensory neurons persists throughout larval development until metamorphosis. A dramatic pruning and glial remodeling process then ensues during metamorphosis (13) . The class IV da neurons undergo pruning to sever all their distal dendrites (14) , leaving the glia-covered soma, axon, and proximal dendrites intact (3, 15) . Postpruning, the glial covering over neuronal soma is briefly unraveled to allow regrowth of dendrites followed by glial rewrapping, which remains intact in adulthood (3, 14) . This intimate and dynamic interaction of the glia with the somatodendritic neuronal surface of da neurons is similar to the glial ensheathment of vertebrate sensory neuronal soma by satellite glial cells; hence, the Drosophila da neurons are well suited for the investigation of neuron-glia interactions (16, 17) . Ultrastructural studies of cross-sections of peripheral nerve bundles have revealed that the axons are systematically wrapped in three glial layers composed of structurally and molecularly distinct glial cell types (18, 19) , namely the wrapping glia, subperineurial glia, and perineurial glia. Wrapping glia form the innermost layer and interact directly with the neuronal surface, wrapping each axon in the nerve bundle individually, thereby insulating it from other axons (20, 21) . The subperineurial glial layer lies in between the perineurial and wrapping glial layers, forms septate junctions, and contributes to the formation of the blood-brain barrier (19) . These two layers are further enveloped by the perineurial glia layer (22) . In contrast to the axon-glia interaction, the architecture of glial membranes surrounding the somatodendritic surface of sensory neurons is not known. It is also unknown as to whether somatodendritic glial ensheathment is essential for neuronal structure or regenerative potential after injury. In addition, whether glial somatodendritic ensheathment Significance Glia and neurons, the two principal cell types of the nervous system, interact intimately and are critical for normal development and function of the nervous system. While much is known about glia interaction with axons, the architecture and importance of glia interaction with the somatodendritic neuronal compartment is practically unknown. Using Drosophila as a model system, we have identified important and previously unknown roles for glia interaction with the somatodendritic compartment in dendrite structure, activity, and regeneration. Furthermore, recent clinical studies have shown patients with ATRX mutations exhibit white matter and glial abnormalities in their central nervous system, underscoring the significance of our study that uncovers an essential role for glial-expressed ATRX in mediating proper glial development and function.
affects basal or evoked neuronal activity is largely unknown, given the challenging requirement of investigating the functional involvement of somatodendritic glial ensheathment without disrupting axonal-glial interaction.
In this study, we focus on how glia interact with the class IV da neuron, a multimodal sensory neuron of the Drosophila PNS with an elaborate dendritic arbor that detects harmful stimuli, such as high temperature (5) , UV light (6), and harsh mechanical stimulus (7) (8) (9) . We first define the identity of the glial cells that ensheath the somatodendritic surface of class IV da sensory neurons. We find that, among the three glial cell types in the PNS, only the perineurial and the subperineurial glial layer ensheath the soma and proximal dendrites of the da neurons, while the wrapping glia exclusively wrap the axon. A screen for glial-expressed factors important for somatodendritic glial wrapping led to the identification of the chromatin remodeler dATRX/XNP, a homolog of the intellectual disability gene ATRX, as a prerequisite for somatodendritic wrapping of the sensory neuron. We show that conditional glial-specific RNA interference (RNAi) mediated depletion of dATRX, or glial-specific expression of a dominant-negative dATRX, leads to an almost complete elimination of somatodendritic ensheathment of da neurons while the axons remain wrapped by glia. This finding provided a unique genetic handle to investigate the function of somatodendritic glial ensheathment of sensory neurons without removing axonal ensheathment. We show that glial somatodendritic ensheathment is important for proper dendritic morphology and activity of the class IV da sensory neuron in response to light stimuli. Additionally, dendritic regeneration after induced injury is stunted in absence of glial somatodendritic interaction. We show that glial-specific loss of the chromatin remodeler dATRX leads to caspase activation in glial cells. Finally, we find that dATRX knockdown in the subperineurial glial layer is sufficient for the loss of somatodendritic ensheathment. These studies thus uncover an important role for somatodendritic glial ensheathment in the development and activity of sensory neurons as well as in its regenerative response to injury.
Results

Distinct Modes of Glial Ensheathment of Somatodendritic and Axonal
Compartments. To understand the cellular basis of neuronal-glia interaction, it is essential to examine the spatiotemporal distribution of glial cells and how their membrane processes interact with neurons. To determine the pattern of glial interaction with the somatodendritic and axonal surface of the sensory da neurons, we visualized how each of the three principal peripheral glia cell types interacts with different compartments of the class IV da sensory neuron. Using a marker for the class IV sensory neuron, ppk-CD4-tdTomato, and membrane-tagged GFP expression in glia driven by previously reported cell type-specific glia Gal4 drivers, allowed us to simultaneously visualize sensory neurons and glia and their interaction. We found that all three glia cell types wrap the axon of the class IV da neurons ( Fig. 1 A-C) . Surprisingly, we found that the somatodendritic surface of the class IV da neuron was wrapped by only the perineurial and subperineurial glial layers as visualized by membrane-tagged GFP driven by 6293-Gal4 and Gli-Gal4 (Fig. 1 B-D) . The wrapping glia, visualized by Nrv2-Gal4, exclusively interacts with the axonal surface of the sensory neurons but does not interact with the somatodendritic surface of sensory neurons ( Fig. 1 A  and F) . We tested other independent Gal4 drivers that mark the perineurial and subperineurial glial layers, namely previously characterized 46F-Gal4 for the perineurial layer (23) and Moody-Gal4 for the subperineurial layer (24, 25) , and confirmed that both the perineurial and subperineurial layers cover the somatodendritic surface of sensory da neurons (Fig. 1 D-F) . Taken together, these results suggest that distinct molecular mechanisms for neuronal-glia interaction determine the glial ensheathment of axonal and somatodendritic neuronal surfaces.
Glial-Specific Expression of dATRX Is Essential for Somatodendritic
Wrapping of Sensory Neurons. While glia ensheathment is important for insulation of axons, the importance of glia-somatodendritic interaction is an open question. In a screen designed to identify factors required for glial ensheathment of the somatodendritic but not axonal compartment, we discovered a glialspecific role of the chromatin remodeler and ATRX syndrome gene dATRX. Initially known as XNP, dATRX is expressed in both neuron and glia during embryonic and larval development (26) . We disrupted expression of dATRX in all three layers of glia through RNAi, and visualized glia by using reversed polarity (Repo) for a pan-glial specific Gal4 driver that was recombined with a UAS-CD4-tdTomato construct. We found that glia-specific knockdown of dATRX using two independent lines led to a failure in glial ensheathment of the somatodendritic surface of class IV da neurons in third-instar larvae, while the glia wrapping of axons in these larvae remained ( Fig. 2A) . Furthermore, glialspecific expression of a dominant-negative mutant of dATRX (K495R) resulted in a similar phenotype where the somatodendritic surface of da neurons was not covered by glial membranes while the axonal ensheathment remained (Fig. 2A) . The surface (Fig. 2B ). The proximal part of primary dendrites were wrapped by glia in control larvae measuring (48.84 ± 4.33 μm, n = 15); however, when dATRX expression in glia was perturbed by either RNAi (n = 15) or by dominant-negative dATRX expression (n = 11), the proximal dendrites were completely devoid of glial ensheathment (Fig. 2C) . Importantly, knockdown of dATRX in neurons had no effect on the glial-neuronal interaction, indicating that dATRX functions cell-autonomously in glial cells to regulate neuronal wrapping. These data suggest a glial-specific role of dATRX in normal ensheathment of the somatodendritic surface of sensory neurons.
Somatodendritic Glial Compartment Influences the Shape of the
Dendritic Arbor. Given the intimate ensheathment of glia with the somatodendritic neuronal surface, we next investigated whether the glial compartment of the somatodendritic region contributes to the development of the dendritic arbor and morphology of the da sensory neurons. To test whether the development of dendritic arbors was perturbed in neurons without somatodendritic glial ensheathment, we imaged third-instar larvae expressing the class IV da neuronal marker ppk-CD4-tdGFP along with either RepoGal4 > CD4-tdTomato or RepoGal4 > CD4-tdTomato along with dATRX RNAi. The dendritic arbor in the absence of somatodendritic glial ensheathment grew to complete coverage of its territory and did not manifest any defects in the number of primary and secondary branches and the area of arbor covered; however, the morphology and the density of the arbor, especially of the terminal branches, was significantly affected (Fig. 3 A-C ). Sholl analysis of neuronal dendrites with or without somatodendritic ensheathment revealed that the dendritic density and number of intersections proximal to the soma increased in absence of glial ensheathment (Fig. 3D) . We found that the number of primary and secondary branches was unaltered, but the tertiary dendritic branches increased in number and density close to the soma. These data indicate that in the absence of glial wrapping of its somatodendritic surface, the neuron maintains a higher density of dendritic branches closer to the soma.
Neuronal Activity in Response to Light Stimuli Is Regulated by
Somatodendritic Neuron-Glia Interaction. We next tested whether somatodendritic neuron-glial interaction influences the electrophysiological property of sensory neurons. First, by performing extracellular recordings in filleted larval preparations, we tested whether the spontaneous activity of class IV da neurons was affected by removing somatodendritic glial wrapping. We found that the frequency of action potentials fired by the class IV da neurons in animals expressing either RepoGal4 > tdTomato alone or RepoGal4 > tdTomato along with dATRX RNAi were indistinguishable ( Fig. 4 A and B ). Second, we tested whether the evoked neuronal activity in response to sensory stimuli was affected by somatodendritic neuron-glial interaction. Class IV da neurons are activated in response to UV light and the influx of calcium in response to light stimuli can be visualized using a genetically encoded calcium reporter (6). To visualize the evoked response of class IV da neurons to UV light in intact live animals, we used third-instar larvae expressing GCaMP5 in class IV da neurons (ppk-GCaMP5) along with either RepoGal4 > CD4-tdTomato or with RepoGal4 > Cd4-tdTomato and dATRX RNAi. The in vivo change in intracellular calcium levels on exposure to a UV stimulus lasting 5 s was imaged using a confocal microscope. We found that upon light stimulation, the class IV da neurons in control animals showed an increase of intracellular calcium by 40.72 ± 3.12% (n = 34), while those in RepoGal4 > dATRX RNAi animals showed an increase of 102.4 ± 4.71% (n = 30) (Fig. 4 C and D) . We found that the decay of calcium transients in the class IV da neurons after the 5-s light stimulus was much faster in the control animals than in larvae with the RepoGal4 > dATRX RNAi. The calcium influx was abnormally high and persisted for a longer duration in neurons lacking somatodendritic glial wrapping. Given the increased response to light stimuli, we next investigated whether neurons in the absence of glial wrapping were more sensitive to UV by measuring the strength of evoked response to light stimuli of varying intensity and time duration. We varied the time of UV exposure from <1 s to 5 s while keeping the UV intensity constant (at 100%), and found that control neurons did not respond to stimuli of less than 2 s at this maximum laser strength, while the dATRX RNAi animals lacking somatodendritic-glia wrapping responded to even UV stimulus lasting <1 s (at 100% laser strength of 50 mW) (Fig. 4E) . When we varied the intensity of the laser while keeping the time of stimulus constant at 5 s, we observed that neurons in control animals did not respond to less than 75% laser power, while neurons in RepoGal4 > dATRX RNAi animals were responsive even at 25% of laser strength (Fig. 4F) . These findings suggest that while the spontaneous neuronal activity was unaffected in neurons lacking glial somatodendritic wrapping, both the amplitude and sensitivity of evoked responses to sensory stimuli are affected by glia-neuron interaction at the somatodendritic surface. and Repo-Gal4 > CD4-tdTomato (magenta) to visualize neuron and glia, respectively, either alone (W1118), with UAS-dATRX RNAi, or UAS-dATRX dominant-negative (DN) (K495R) are shown. Extent of glial coverage of the somatodendritic compartment of class IV neurons is evident in the merged image. (Scale bar, 10 μm.) (B) Percent area of somatodendritic neuronal surface wrapped by glia in control, two independent dATRX RNAi lines, and dATRX DN third-instar larvae is plotted (n = 15, 15, 11, and 11, respectively, t test, P < 0.0001). (C) Total length of dendrite per neuron wrapped by glia in control, two independent dATRX RNAi lines and dATRX DN third-instar larvae (n = 15, 15, 11, and 11, respectively, t test, P < 0.0001) is plotted.
Dendritic Regeneration Is Stunted in Absence of Somatodendritic
Glial Ensheathment. Glia play an essential role in regeneration of axons after injury (27) , but whether glial somatodendritic ensheathment contributes to dendritic regeneration is unclear. We tested whether somatodendritic glial wrapping of sensory neurons is required for the ability of class IV da neurons to regenerate their dendrites after injury. To assess the regeneration capacity after dendrite injury, we utilized the "balding injury" paradigm, which involves precise laser-mediated removal of all primary dendrites of the class IV da neuron (28, 29) . This procedure leads to degeneration of the dendritic arbor while sparing the axon and soma, which then sprouts new dendrites. Larvae were collected 96 h after synchronized egg-laying, and subjected to either the balding injury or "no injury," which served as a control. At 24 h after injury, larvae were imaged to ensure that dendrites had indeed been severed, and then they were imaged again 48 h after injury to analyze the extent of regeneration of the dendritic branches (Fig. 5A) . We found that the extent of dendritic growth without injury was unchanged in the absence of somatodendritic-glia wrapping. Dendritic growth was quantified as the fraction of total hemisegment area covered by the dendritic arbor 48 h after the no-injury control manipulation was indistinguishable between control (0.94 ± 0.020, n = 9) and RepoGal4 > dATRX RNAi (0.94 ± 0.009, n = 13) -expressing animals ( Fig. 5 B and D) . In contrast, in the injury condition when all dendrites were severed, the extent of dendritic regeneration after injury was substantially reduced in absence of somatodendritic glial wrapping ( Fig. 5 C and D) . The territory covered by the regenerated dendritic arbor in RepoGal4 > dATRX RNAi-expressing animals was reduced by 38% compared with control. The fraction of total area that was occupied by the regenerated dendritic arbor 48 h after injury decreased from 0.27 ± 0.03 (n = 7) in control to 0.16 ± 0.14 (n = 7) in RepoGal4 > dATRX RNAi-expressing animals. To identify the global changes in the dendritic arbor morphology after regeneration, we performed Sholl analysis on the regenerated dendrites of control and RepoGal4 > dATRX RNAi-expressing animals. While we found no significant difference in the number of intersections close to the soma, the overall area covered by the dendrites was reduced and the extent of growth was stunted in neurons that lacked somatodendritic glial ensheathment ( Fig. 5 C and E) . These data together suggest that glia wrapping the somatodendritic region of sensory neurons contributes to the regenerative capacity of dendrites after injury by impacting dendritic growth.
Disrupted Somatodendritic Neuron-Glia Interaction in Absence of dATRX Is Due to Caspase Activation in Glial Cells. We tested the mechanism through which dATRX contributes to somatodendritic-glia interaction. Given the essential role of ATRX in cell survival (30-32), we hypothesized that absence of dATRX expression in glial cells could either lead to glial membrane retraction or glial cell death, thereby exposing the somatodendritic surface of the neuron. To test whether glial cells undergo caspase activation in the absence of dATRX, we used two independent sensors of caspase activity in vivo in the fly nervous system. The first sensor, iCasper, is an infrared fluorescent executionercaspase reporter (Fig. 6A) (33) . We found that third-instar larvae with UAS-iCasper expression driven by Repo-Gal4 exhibited characteristic GFP fluorescence in the glial membranes surrounding the sensory neurons but showed no fluorescence in the infrared wavelength, with the absence of infrared fluorescent protein (IFP) activation indicative of little or no caspase activity in these glia. In contrast, larvae with both UAS-iCasper and UAS-ATRX RNAi expression driven by RepoGal4 showed a strong IFP signal, indicating that glial cells were undergoing apoptosis (Fig.  6B) . The second sensor is Apoliner, a reporter construct based on differential localization of two fluorescent proteins linked by a caspase-sensitive site (34) (Fig. 6C) . With activation of caspases, this site is cleaved, leading to nuclear localization of GFP while the mRFP reporter stays membrane-bound. Apoliner is specific and sensitive, detectable before other markers of apoptosis, such as immunostaining for cleaved caspase3, and it does not perturb normal development in Drosophila (34). Fluorescence imaging of third-instar larvae with Repo-Gal4-driven UAS-Apoliner expression , respectively, t test, P = 0.176) and secondary branches (n = 15, 12, respectively, t test, P = 0.087) in control and RepoGal4 > dATRX-RNAi larvae, which are not significantly altered. (C) Total dendritic arbor area covered by neurons in presence and absence of somatodendritic glial wrapping is not significantly (n.s.) affected and is plotted as a bar graph (n = 13, 10, respectively, t test, P > 0.05). (D) Sholl analysis reveals a leftward curve shift due to the large number of terminal branches closer to the soma in RepoGal4 > dATRXRNAi larvae (peak = 203.6 μm from soma at 104.5 intersections) compared with control larvae (peak = 239.9 μm from soma at 84.75 intersections).
revealed that both GFP and mRFP were present throughout the glial membranes. This complete colocalization indicative of lack of cleavage suggests that caspase activity in glia was undetectable. In contrast, in animals with RepoGal4-driven expression of both dATRX RNAi and UAS-Apoliner, there was considerable cleavage so that GFP and mRFP showed distinct distributions, indicating the presence of caspase activation in the absence of dATRX (Fig. 6D ). These studies, using the in vivo fluorogenic apoptosis sensors iCasper and Apoliner, show that in the absence of dATRX, a subpopulation of glial cells undergo caspase activation, thereby contributing to the disruption of somatodendritic ensheathment of sensory neurons by glia while sparing the glial wrapping of axons.
Loss of dATRX in Subperineurial Layer Is Sufficient to Disrupt
Somatodendritic Neuronal Ensheathment. Using the marker for the class IV da sensory neurons, ppk-CD4-tdTomato, and dATRX RNAi expression in glia driven by previously reported glial cell-type-specific Gal4 drivers, allowed us to test if ATRX was required in a particular glia layer for its function in maintaining somatodendritic neuron-glia interaction, or whether it was functionally required in all layers. We found that the somatodendritic-glia covering in sensory neurons was unaffected when dATRX was knocked down in the perineurial layer specifically by expression of 46F-Gal4 > CD4-tdGFP along with UAS-dATRX RNAi, compared with control 46F-Gal4 > CD4-tdGFP animals (Fig. 7A) . However, dATRX knockdown in the subperineurial layer using Gli-Gal4 > CD4-tdGFP, UAS-dATRX lead to the uncovering of the somatodendritic glial ensheathment, while the soma was completely wrapped in control animal expressing GliGal4 > CD4-tdGFP (Fig. 7B) . Therefore, depletion of dATRX in the subperineurial layer is sufficient to disrupt the somatodendritic neuron-glia interaction, implying that the subperineurial covering of the neuron is a prerequisite for the association of the perineurial glia cells with the somatodendritic surface of the neuron. As expected from earlier results, knockdown of dATRX in the wrapping glia using the Nrv2-Gal4 that exclusively covers the axon did not affect the axonal wrapping (Fig. 7C) .
Discussion
This study defines the architecture and function of glia interaction with the somatodendritic compartment of the da sensory neurons in the Drosophila peripheral nervous system. We show that the somatodendritic compartment of each da neuron is ensheathed by two distinct glial membrane layers, in contrast to the axonal wrapping, where an additional third layer is provided by a glial cell type that exclusively wraps axons but not the somatodendritic surface. Glia-specific knockdown of the chromatin remodeler dATRX causes a dramatic loss of glial ensheathment of somatodendritic neuronal surface while maintaining axonal glial wrapping. This genetic manipulation allowed us to address whether glial ensheathment of the somatodendritic neuronal surface is important for neuronal development and function. We show that neuronal development, neuronal activity in response to stimuli, and regenerative capacity of dendrites on injury are affected by the glial interaction with the somatodendritic compartment of the neuron.
Glial Ensheathment of Distinct Neuronal Compartments. Glial cells ensheath a variety of different neuronal compartments, raising the question of whether distinct molecular and cellular mechanisms exist for compartment-specific interactions. For example, Schwann cells in the peripheral nervous system ensheath the processes of the dorsal root ganglion neurons exclusively, but not the soma (35) . Satellite glia cells, on the other hand, envelop the somatic compartment of the dorsal root ganglion neurons but do not wrap the neuronal processes. Oligodendrocytes myelinate the axonal compartment but do not interact with the somatodendritic region of motor neurons in the spinal cord, and interestingly, this property has recently been attributed to an inhibitory signal in the somatodendritic region that limits oligodendrocyte-neuron interaction to the axonal compartment (35) . Cortex glia in the fly CNS do not associate with the synaptic neuropil but associate selectively with neuronal cell bodies (36) . Astrocyte membrane processes wrap synapses composed of presynaptic and postsynaptic membranes in the mammalian CNS, where astrocytes can regulate synapse formation, maturation, function, and elimination (37) . In Drosophila, several distinct neuron-glia interaction types have been defined, including some that have important parallels to the mammalian architecture (16) . The fly peripheral nerve bundles are encased in three layers of glial cell membranes. The inner most, wrapping glia, individually wraps axons and is encased by another glial layer, the subperineurial layer. Ultrastructural analyses have revealed that septate junctions formed between cells of the subperineurial layer by neurexin IV, contactin, and neuroglian are the basis of the blood-nerve barrier in flies (19, 38) . These three proteins are remarkably conserved and serve similar functions in murine RepoGal4 > dATRX RNAi (red) third-instar larvae (n = 34, 30, respectively, t test P < 0.0001). (E) Changes in GCaMP5 fluorescence intensity on varying duration of UV exposure from <1 s to 5 s while keeping the laser-intensity constant at 100% laser power is depicted for control and RepoGal4 > dATRX RNAi larvae (n = 7 each, paired t test, *P < 0.001). (F) Changes in GCaMP5 fluorescence intensity on varying the laser intensity from 10 to 100% laser power while keeping the duration of UV exposure constant at 5 s is depicted (n = 6 each, paired t test, *P < 0.0001).
paranodal junctions in myelinated axons (19, 39) . Our study shows that glial membranes interact differentially with the axonal and somatodendritic compartments of sensory neurons, such that the wrapping glia does not ensheath the somatodendritic compartment of sensory neurons. The sequential timing and development of glial ensheathment is quite interesting, where the subperineurial sheath envelops the axons before they are individually wrapped from the inside by wrapping glia (38) . Based on these observations, we speculate three possibilities: (i) the presence of an inhibitory cue limited to the somatodendritic compartment that prevents wrapping glia from interacting with the soma; (ii) presence of a cell adhesion molecule exclusively expressed by axons that maintains the wrapping glia interaction; or (iii) a cell adhesion molecule exclusively present in the somatodendritic compartment of sensory neurons that interacts directly with the subperineurial layer, possibly leading to the formation of glia-neuronal septate junctions. Testing these hypotheses in the future will provide important insight into the cytoarchitecture of glia-neuron communication.
Glia-Neuron Interaction in Neuronal Structure, Activity, and Regeneration.
Dynamic and reciprocal interactions between glia and neurons are important for neuronal survival, development, and function (22, (40) (41) (42) . There is growing appreciation for the role of glial cells in sculpting neuronal shape and function. For example, glia play an important role in maintaining the shape of the receptive endings of sensory neurons in Caenorhabditis elegans (43) . In the fly sensory neurons of the PNS, neuron-glia interaction mediated by neuroglian, an Ig-like molecule closely related to the vertebrate neural adhesion molecule, together with Ankyrin contributes to axonal and dendritic morphogenesis (44, 45) . Our results show that glial ensheathment of the somatodendritic compartment is .) The Bottom row shows the entire regenerated arbor of control and RepoGal4 > CD4-tdTomato, dATRX RNAi expressing larvae in grayscale. (Scale bar, 50 μm.) (D) Total coverage of regenerated dendritic arbor in control (black) and RepoGal4 > dATRX RNAi (red) expressing larvae normalized to hemisegment area 48 h after no injury (n = 9, 13 respectively, t test, P > 0.05) and injury paradigm (n = 7 each, t test, P < 0.001). (E) Sholl analysis depicting the number of intersections made by regenerated dendritic branches as a function of radius is shown for the regenerated dendritic arbor 48 h after injury of control RepoGal4 > w1118 (black) and RepoGal4 > dATRX RNAi (red) expressing larvae (n = 7 per condition). The total area under the curve decreased in RepoGal4 > tdTomato, dATRX RNAi larvae compared with control (n = 10 each, 7704 μm 2 to 5288 μm 2 , P < 0.001).
important for the shape of the dendritic arbor. We find that while the total territory covered by the neurons and the number of primary and secondary dendrites is unchanged, the number of tertiary branches around the soma increased in neurons without glial wrapping of their somatodendritic compartments. The dendrites of da neurons form intimate interactions with the extracellular matrix of the epidermal cells of the body wall via integrins; in some cases parts of dendrites are completely encased in the extracellular matrix (46) (47) (48) (49) . It raises an intriguing question as to whether dendrites extend additional terminal branches to compensate for the absence of glial interaction by increasing their interaction with the epidermis. Therefore, we speculate that glial wrapping of the neuron, unlike neuronal-epidermal interactions, is inhibitory to dendritic branching and sprouting, and that signaling mechanisms must exist that determine the boundary on the primary dendrites where the dendritic glial wrapping ends and neuronal-epidermal interactions take over. Interplay of interactions between neuron, glia, and epidermal cells likely shapes and refines the dendritic arbor during neuronal development. Glia modulates neuronal activity through neurotransmitter uptake as well as bidirectional calcium signaling (50); and conversely, neuronal activity can influence glial development and function (51) (52) (53) . Calcium signaling in glia can either enhance or suppress neuronal signaling in a context-dependent manner. For example, increase of intracellular calcium in cortical glia leads to enhanced seizure susceptibility, as does acute induction of calcium influx through overexpression of transient receptor potential channels in cortical glia (54) , whereas acute calcium influx in astrocyte-like glia cells in flies causes paralysis and a rapid loss of neuronal activity (55) . Dysfunction in glia can drive hyper/ hypoexcitability of neurons and can be neuropathological (56) . Our results suggest that the glial membrane interaction with the da sensory neurons does not affect spontaneous activity, but profoundly impacts evoked neuronal activity in response to external sensory stimuli. Without glial ensheathment of the soma and dendrites of sensory neurons, these neurons are hyperactive and hypersensitive to UV stimulation. This inhibitory role of glia might be neuroprotective and could be a beneficial in constraining the neuronal response to noxious and damaging stimuli, thereby preventing excitatory neurotoxicity. This finding warrants further exploration. The genetic tractability and the tools available to manipulate the ensheathing glia and nociceptive neurons make the fly PNS an excellent system to study the glial contribution to nociception as well as development of neuropathies and chronic pain. Dendritic regeneration is genetically and intrinsically controlled, and is dependent on both neuronal cell type and the developmental timing of injury (27) . Extrinsic factors important for regeneration could include clearance of debris formed due to degeneration, injury, or developmental pruning, and the involvement of epidermal cells and glia in promoting regeneration (3, 46) . We found that elimination of somatodendritic ensheathment of neurons by glia led to stunted dendritic regeneration. In pupae after dendrite pruning, glial unwrapping of the somatodendritic neuronal surface precedes formation of new primary dendrite branches (3); hence, it is likely that glial unwrapping facilitates initial phases of dendrite growth. Our data suggest a supportive role of glia wrapping in neuronal regeneration after dendrite injury. Absence of somatodendritic-glia wrapping diminishes the extent of overall arbor regeneration, suggesting that prolonged unwrapping after the primary dendrites have extended minimizes the dendritic arbor regenerative capacity. It is possible that glia provide growth-supporting neurotrophic factors directly promoting regeneration, as in the case of Schwann cells in the mammalian PNS (57) . It is also conceivable that glia contribute to dendritic regeneration by providing neurons protection from the surge of neuronal calcium influx in response to injury. Our recordings indicate that glia moderates neuronal activity in response to UV stimuli. One intriguing possibility for future investigation concerns the involvement of calcium signaling through the somatodendritic neuron-glia interface in the neuronal response to injury and the regenerative potential of dendrites. Our results suggest that glia play a primary and unique role in supporting neuronal physiology pertaining to both evoked neuronal activity and regeneration after injury, and that this glial function cannot be compensated or substituted by epithelial support cells.
Role of ATRX in Glial Development and Mental Illness. Our study identifies an important role of glia-specific expression of dATRX in affecting glia-neuron interaction. Mutations in the human homolog ATRX manifest clinically as severe intellectual disability, motor deficits, seizures, microcephaly, and α-thalassemia (58-61). Remarkably, human mutations associated with mental retardation alter residues lying in the SNF2 and helicase chromatin-modifying domains that are conserved in the fly dATRX (26) . Most of the studies have focused on the role of ATRX in neurons. For example, loss of ATRX in neurons is associated with neuronal death, while in other cell types loss of ATRX predisposes cells to DNA damage-induced apoptosis via the p53 pathway (32) . Neuron-specific ATRX conditional knockout mice show defect in lamination of the neocortex due to apoptosis of the neuroprogenitor cells, leading to extensive hypocellularity (62, 63) . Neonatal lethality and defective neurogenesis manifested by increased cell death in ATRX forebrain conditional knockout mice is rescued by inhibiting the tumor-suppressor protein p53 (63) . The fly homolog dATRX is required for both CNS glial survival and longitudinal axon formation (26) . Interestingly, it appears that overexpression of the fly dATRX can also induce neuronal apoptosis via the JNK pathway, indicating that correct gene dosage of ATRX is required for normal neuronal development (31, 64) . While several studies have delineated the function of ATRX function in neuronal differentiation and proliferation, its function in glia remains unclear. Our studies show that glial-specific knockdown of dATRX leads to caspase activation in glia that exposes the somatodendritic neuronal surface without removing the axonal wrapping. We further found that dATRX is specifically required in the subperineurial glial cells that form septate junctions with each other, as well as directly interacts with the neuronal somatodendritic surface. In contrast, dATRX knockdown in the wrapping glia and perineurial glia layers, or in neurons via ppkGal4, did not affect somatodendritic-glia interaction. Why some cell types are more sensitive to the absence of ATRX is an open question. It has been reported that diverse cell types respond differently to the loss of ATRX in mice with conditional ablation of ATRX (32) . Notably, recent studies employing magnetic resonance imaging to investigate structural changes in human ATRX patients have revealed severe glial defects, such as abnormal myelination and disruption of white matter (59, 65) , highlighting the need to further investigate the role of ATRX in glia to fully understand the contribution of glial defects in neurological disorders.
Methods
Fly Stocks. Lines obtained from the Bloomington Drosophila Stock Center include Nrv2-Gal4 (B#6797), UAS-dATRX/XNP RNAi lines (B#29444, B#32894), UAS-WT-dATRX (B#26645), UAS-DN-dATXR (B#26646), and UAS-Apoliner (B#32122). The NP6293-Gal4 line is from the Kyoto Stock Center (105188). 46F-Gal4 and Moody-Gal4 lines are gifts from Graeme Davis, University of California, San Francisco, CA, and Vanessa Auld, University of British Columbia, Vancouver, Canada, respectively. Fly line ppk-CD4-tdGFP;RepoGal4 > CD4-tdtomato has been previously described (3) . Calcium imaging was performed by recombining a ppk-GCaMP5 fusion fly line with RepoGal4 > CD4-tdTomato. The UAS-Casper (33) fly line was a generous gift from Xiaokun Shu, University of California, San Francisco, CA.
Imaging and Image Analysis. An upright Leica SP5 laser-scanning confocal microscope equipped with laser lines 405, 488, 568, and 630 nm, was used for all imaging experiments. Larvae were mounted on glass slides using glycerol with silicon gel as a spacer and a glass coverslip was placed on top to cover before imaging. All image analysis was performed using ImageJ/Fiji. Sholl Analysis. An outline encompassing the entire dendritic arbor of the neuron was drawn and then pasted on a blank image to enable analysis without interference from neighboring arbors. Sholl analysis function of Fiji was used for analysis of dendritic arbor on images after applying the intensity threshold, such that all fine terminal braches were recognized. The soma center was used as the center and concentric circles were drawn at 10 μm away from the center with a distance of 1 μm between each concentric circle. The number of intersections was plotted as a function of radius.
Electrophysiology. Larval fillet preparations were made by dissecting third instar larvae in hemolymph-like saline containing: 103 mM NaCl, 3 mM KCl, 5 mM TES, 10 mM trehalose, 10 mM glucose, 7 mM sucrose, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , and 4 mM MgCl 2 , adjusted to pH 7.25 and 310 mOsm. Next, 2 mM Ca 2+ was added before use. Removing muscles with a fine forceps exposed neurons for recording. Glass electrodes for electrophysiological recording were pulled with a P-97 puller (Sutter Instruments) from thick-wall borosilicate glass, and filled with external saline solution. Extracellular recording was achieved on class IV da neurons identified by GFP fluorescence. Spontaneous action potentials were recorded with a sampling rate of 10 kHz and low-pass-filtered at 1 kHz. Multiclamp 700B amplifier, DIGIDITA 1440A, and Clampex 10.3 software (Molecular Devices) were used to acquire and analyze the data.
Measuring UV Response of Class IV da Neurons. The Leica SP5 microscope equipped with a 405 laser line (50 mW) was used at 100% laser power to deliver a 5-s exposure to da neurons. Images were acquired in the GFP channel using the 20× objective and 2.5× optical magnification at one frame per second. In experiments where the laser intensity or exposure time was varied, laser intensity was set through the Leica software between 10% and 100% and exposure time was manually controlled between 1-5 s. Exposures that were shorter than the scanning rate of 1 fps were categorized as <1-s UV exposures. Data analysis was performed using Fiji measure function to quantify the GCaMP5 intensity before and after the UV exposure.
Regeneration Assay. A Chameleon two-photon 930-nm laser mounted on a custom-built Zeiss fluorescence microscope was used to severe dendrites from da neurons by focusing at every primary branch point proximal to the cell body, as previously described (29) . Neurons were imaged ∼24 h after injury to confirm that dendrite branches had been severed and then 48 h after injury to assess regeneration. Uninjured neurons from larvae of the same genotype were used as the no injury control.
Data Analysis and Statistics. All data were statistically analyzed using Microsoft Excel and GraphPad Prism software, as described in the detailed figure legends. 
